Both E-cadherin, a cell-cell adhesion molecule, and cMet, the hepatocyte growth factor (HGF)/scatter factor (SF) receptor, were colocalized at cell-cell adhesion sites of MDCK cells. HGF/SF or a phorbol ester, 12-Otetradecanoylphorbol-13-acetate (TPA), induced disruption of cell-cell adhesion, which was accompanied by endocytosis of both E-cadherin and c-Met. Reduction of medium Ca 2+ to a micromolar range showed the same eects. Re-increase in medium Ca 2+ to a millimolar range formed cell-cell adhesion, which was accompanied by exocytosis of E-cadherin and c-Met, followed by their re-colocalization at the cell-cell adhesion sites. These results suggest that E-cadherin and c-Met are colocalized at cell-cell adhesion sites and undergo co-endo-exocytosis. We have previously shown that TPA does not induce disruption of cell-cell adhesion and subsequent scattering of MDCK cells stably expressing a dominant active mutant of RhoA or Rac1 small G protein or a dominant negative mutant of Rab5 small G protein. In these cell lines, the HGF-or TPA-induced coendocytosis of E-cadherin and c-Met was inhibited, but the coendocytosis of E-cadherin and c-Met in response to reduction of medium Ca 2+ was not aected. Wortmannin, an inhibitor of phosphoinositide (PI) 3-kinase, inhibited the HGF-induced disruption of cell-cell junction and endocytosis of E-cadherin and c-Met, but not the TPA-induced ones. These results suggest that disruption of cell-cell adhesion is involved in the HGF-or TPAinduced coendocytosis of E-cadherin and c-Met in MDCK cells, and that the Rho and Rab family members indirectly regulate this coendocytosis. In addition, coendocytosis of E-cadherin and c-Met in response to HGF is partly mediated by PI 3-kinase. The cross-talk between cell-cell and cell-matrix adherens junctions is discussed.
Introduction
The cell junction plays essential roles in various cell functions, including cell adhesion and migration (for reviews, see Takeichi, 1988 Takeichi, , 1991 Gumbiner, 1996) . The cell junction is classi®ed into two types: cell-cell and cell-matrix junctions. In polarized epithelial cells, the cell-cell junction shows a specialized membrane structure, comprised of tight junction, adherens junction (AJ), desmosome, and gap junction. AJ plays a particularly important role since the formation of AJ subsequently leads to the formation of other cell junctions. At AJ, cadherin serves as an adhesion molecule which interacts directly with each other at the extracellular region and indirectly with the actin cytoskeleton through many peripheral membrane proteins at the cytoplasmic region (for reviews, see Tsukita et al., 1992; Takeichi, 1995) . Cell-matrix junction is comprised of cell-matrix AJ and hemidesmosome. At cell-matrix AJ, integrin interacts with matrix proteins at the extracellular region and indirectly with the actin cytoskeleton through many peripheral membrane proteins at the cytoplasmic region (for reviews, see Hynes, 1992; Schwartz et al., 1995) .
In cultured epithelial cells, some growth factors, such as hepatocyte growth factor (HGF)/scatter factor (SF), epidermal growth factor (EGF), and 12-Otetradecanoylphorbol-13-acetate (TPA), induce disruption of cell-cell adhesion followed by cell migration (Takaishi et al., 1995; Imamura et al., 1998; Tanimura et al., 1998) . During migration, membrane protrusions, such as lamellipodia and ®lopodia, at the cell front, and retraction at the cell rear are externally observed, whereas reorganization of the actin cytoskeleton, such as disassembly and reassembly of stress ®bers and focal adhesions, and vesicle tracking are internally observed. These processes are dynamic, well coordinated, and essential for cell migration, but the mechanisms by which HGF/SF, EGF, and TPA regulate these processes are not fully understood.
Actions of HGF/SF and EGF are mediated through their receptors (for a review, see Carpenter, 1987; Bottaro et al., 1991) . The HGF/SF receptor, c-Met, and the EGF receptor are tyrosine kinases which are linked to the activation of many signaling molecules such as phosphoinositide (PI) 3-kinase and Ras (Royal and Park, 1995; Potempa and Ridley, 1998) . Activation of both PI 3-kinase and Ras is shown to be essential for the HGF-induced cell scattering (Royal and Park, 1995; Potempa and Ridley, 1998) . In contrast, the most of actions of TPA are mediated through protein kinase C (for a review, see Nishizuka, 1992) . The Rho small G protein family members are signaling molecules downstream of both these growth factors and TPA and regulate cell adhesion and migration through reorganization of the actin cytoskeleton (for reviews see Hall, 1994 Hall, , 1998 . The Rho family consists of the Rho, Rac, and Cdc42 subfamilies (Rho, Rac, and Cdc42, respectively). Rho regulates cell-matrix AJ by stimulating the formation of stress ®bers and focal adhesions. Rac regulates formation of lamellipodia and membrane ruing in various types of cultured cells, and furthermore the formation of cadherin-dependent cell-cell AJ in MDCK cells and human keratinocytes (Braga et al., 1997; Takaishi et al., 1997; Jou and Nelson, 1998) . We have recently shown in MDCK cells that Rho regulates the TPA-induced reorganization of stress ®bers and focal adhesions, but not cell-cell adhesion, and that Rac regulates both cell-cell adhesion and the TPA-induced reorganization of stress ®bers and focal adhesions (Imamura et al., 1998) .
The Rab small G protein family has been implicated in intracellular vesicle tracking (for a review, see Novick and Zerial, 1997) , but the role of this family in signaling of c-Met, the EGF receptor, or TPA had not been studied. We have recently shown in MDCK cells that Rab GDP dissociation inhibitor (GDI) regulates the TPA-induced reorganization of stress ®bers and focal adhesions (Imamura et al., 1998) . Rab GDI is a general regulator of all the Rab family members (for reviews, see Takai et al., 1996; Novick and Zerial, 1997) . Of the Rab family members, Rab5 regulates early endocytosis (Bucci et al., 1992; Stenmark et al., 1994) . We have shown that at least Rab5 is involved in the TPA-induced reorganization of stress ®bers and focal adhesions and subsequent cell migration (Imamura et al., 1998) . Thus, our results indicate that the Rho and Rab family members coordinately regulate the TPA-induced reorganization of cell-matrix AJ that may cause cell migration.
c-Met or the EGF receptor has been shown to be colocalized with cadherin at the lateral membrane of MDCK cells (Maratos-Frier et al., 1987; Crepaldi et al., 1994) . The lateral localization of c-Met and the EGF receptor may mediate uptake of ligands from the circulation, but neither the signi®cance of the colocalization of the receptor and adhesion molecules nor the mechanism of their lateral colocalization has been clari®ed. It has been shown that the dysfunction of cadherin by reduction of medium Ca 2+ induces its disappearance from the lateral membrane (Kartenbeck et al., 1991) , and that re-increase of medium Ca 2+ induces relocalization of cadherin at the lateral membrane (Balda et al., 1993) . This disappearance and relocalization of cadherin may be mediated by endocytosis and exocytosis, respectively, but has not been studied in detail. The binding of EGF to its receptor induces internalization of the receptor through endocytosis (Chang et al., 1993; Lamaze and Schmid, 1995) , but it has not been extensively studied whether the binding of HGF/SF to c-Met causes the internalization of c-Met. The endocytosed proteins are generally transported to either lysozomes where they are proteolytically degraded, or to recycling vesicles from which they are transported to the plasma membrane for reutilization (for a review, see Seamen et al., 1996) . De novo synthesized receptor and adhesion molecules at the lateral membrane are transported from rough endoplasmic reticulum through Golgi complex by vesicle tracking (for a review, see Seamen et al., 1996) . However, the mechanisms of endocytosis, recycling, and directed lateral targeting of receptor and adhesion molecules have not been fully understood.
In the light of these lines of observations, we ®rst studied here the behavior of E-cadherin and c-Met during disruption and formation of cell-cell adhesion, and then examined whether the Rho and Rab family members regulate these processes.
Results
Colocalization of E-cadherin and c-Met at the cell-cell adhesion sites of MDCK cells
We ®rst con®rmed the earlier observation that Ecadherin and c-Met are colocalized at the cell-cell adhesion sites of MDCK cells (Crepaldi et al., 1994) . Consistently, immuno¯uorescence confocal microscopy showed that both E-cadherin and c-Met were colocalized at the cell-cell adhesion sites when both were doubly stained (Figure 1) . At cross-sectional views, E-cadherin and c-Met were colocalized at the entire region of the lateral membrane. Single staining of E-cadherin or c-Met also showed the same results (data not shown).
Coendocytosis of E-cadherin and c-Met in response to HGF/SF, TPA, and reduction of medium Ca
2+
When wild-type MDCK cells were cultured, they contacted with each other, forming colonies of the cells. Stimulation of wild-type MDCK cells with HGF/ SF caused spreading of the cells, and the staining of Ecadherin at the cell-cell adhesion sites became weaker and partially disappeared at 4 h ( Figure 2A ). At 18 h, the staining of E-cadherin was completely lost at the cell surface membrane and it accumulated in the perinuclear area. The c-Met staining also started to disperse at 4 h and ®nally accumulated at the perinuclear area at 18 h after HGF/SF stimulation and the time courses of translocation of both E- They were visualized with rhodamine-conjugated anti-rat IgG Ab and FITC-conjugated anti-rabbit IgG Ab, and analysed by confocal microscopy at the junctional levels (a, b). Crosssectional views were also generated by confocal microscopy (c, d). The results shown are representative of three independent experiments. Bar, 10 mm Cadherin, c-Met, and small G proteins T Kamei et al cadherin and c-Met in response to HGF/SF were apparently similar.
TPA also caused cell spreading within 15 min followed by dissociation and scattering of the cells at 2 h ( Figure 2B ). The staining of c-Met as well as Ecadherin at the cell-cell adhesion sites became weaker and partially disappeared in MDCK cells at 2 h. At 8 h, the stainings of E-cadherin and c-Met at the cell surface membranes mostly disappeared and both the proteins accumulated at the perinuclear area.
It has been shown that when the Ca 2+ concentration in the culture medium is switched from 2 mM to 2 mM, the cells gradually detach from each other (Kartenbeck et al., 1991) . E-Cadherin has been shown to be internalized in the endocytotic vesicles, and to be hardly detected at the cell-cell adhesion sites after more than 1 h culture at 2 mM Ca 2+ in the medium (Kartenbeck et al., 1991) . We con®rmed this earlier observation for E-cadherin, and E-cadherin accumulated at the perinuclear area at 4 h after Ca 2+ switch from a normal to a low concentration ( Figure 2C ). Under the same conditions, c-Met also disappeared from the cell-cell adhesion sites and accumulated at the perinuclear area. -induced endocytosis of E-cadherin and c-Met in MDCK cells. MDCK cells were cultured with 5 ng/ml of HGF/SF (A), 100 nM TPA (B), or 2 mM Ca 2+ (C) for the indicated periods of time. These cells were doubly stained with the anti-E-cadherin mAb (a ± e) and the anti-c-Met polyclonal Ab (f ± j), and then analysed by confocal microscopy at the junctional levels. The results shown are representative of three independent experiments. Bars, 10 mm Relocalization of both endocytosed E-cadherin and c-Met in response to re-increase of medium Ca
After MDCK cells were stimulated with HGF/SF or TPA for 18 h, the cells were washed with the medium which did not contain HGF/SF or TPA to remove them from the medium and to cause the recovery of cell-cell adhesion. However, it was practically dicult to remove them and the cells did not form the cell-cell adhesion (data not shown). After the cells were incubated with a low concentration of Ca 2+ for 4 h, the concentration of Ca 2+ in the medium was increased to 2 mM. The dissociated cells then gradually formed cell-cell adhesion, which was accompanied by the accumulation of both E-cadherin and c-Met at the cell-cell adhesion sites (Figure 3) .
Regulation of the HGF/SF-and TPA-induced coendocytosis of E-cadherin and c-Met by Rho, Rac, and Rab
We have previously shown that TPA does not induce disruption of cell-cell adhesion and subsequent cell scattering at least for 2 h stimulation in MDCK cells . MDCK cells were cultured at 2 mM Ca 2+ for 4 h and then further cultured at 2 mM Ca 2+ for the indicated periods of time. The cells were doubly stained with the anti-E-cadherin mAb (a ± e) and the anti-c-Met polyclonal Ab (f ± j), and then analysed by confocal microscopy at the junctional levels. The results shown are representative of three independent experiments. Bar, 10 mm Figure 4 Eects of a dominant active Rho on the HGF/SF-or TPA-induced coendocytosis of E-cadherin and c-Met. sMDCKRhoDA cells were cultured with 5 ng/ml of HGF/SF (A) or 100 nM TPA (B) for the indicated times. The cells were doubly stained with the anti-E-cadherin mAb (a ± e) and the anti-c-Met polyclonal Ab (f ± j), and then analysed by confocal microscopy at the junctional levels. The results shown are representative of three independent experiments. Bars, 10 mm Cadherin, c-Met, and small G proteins T Kamei et al stably expressing a dominant active mutant of RhoA (sMDCK-RhoDA cells) (Imamura et al., 1998) . We next examined the eects of HGF/SF and TPA on coendocytosis of E-cadherin and c-Met in sMDCKRhoDA cells. Before stimulation of the cells with HGF/ SF or TPA, the accumulation levels of E-cadherin and c-Met at the cell-cell adhesion sites in sMDCK-RhoDA cells were similar to those in wild-type cells (data not shown). Stimulation of sMDCK-RhoDA cells with HGF/SF for 18 h induced neither the endocytosis of E-cadherin and c-Met nor scattering of cells ( Figure  4A ), in comparison with the wild-type MDCK cells (Figure 2A ). In addition, the TPA-induced coendocytosis of E-cadherin and c-Met markedly delayed in sMDCK-RhoDA cells at 2 ± 6 h stimulation ( Figure  4B ), in comparison with those in wild-type MDCK cells ( Figure 2B ), although they were ®nally internalized at 8 h after TPA stimulation ( Figure 4B) .
We have also shown that TPA does not induce disruption of cell-cell adhesion and subsequent cell scattering at least for 2 h stimulation in MDCK cells stably expressing a dominant active mutant of Rac1 (sMDCK-RacDA cells) (Imamura et al., 1998) . Before stimulation of the cells with HGF/SF or TPA, the accumulation levels of E-cadherin and c-Met at the cell-cell adhesion sites in sMDCK-RacDA cells were higher than those in wild-type cells ( Figure 5A ). This result regarding E-cadherin is consistent with our previous observation (Takaishi et al., 1997) . The coendocytosis of E-cadherin and c-Met and the scattering of cells in response to HGF/SF were markedly reduced in sMDCK-RacDA cells ( Figure  5B ), in comparison with the wild-type MDCK cells (Figure 2A) . Furthermore, the coendocytosis of Ecadherin and c-Met and the scattering in response to TPA were markedly reduced in sMDCK-RacDA cells ( Figure 5C ), in comparison with the wild-type MDCK cells ( Figure 2B) .
We have shown furthermore that TPA does not induce disruption of cell-cell adhesion and subsequent cell scattering at least for 6 h stimulation in MDCK cells stably expressing a dominant negative mutant of Rab5 (sMDCK-Rab5DN cells) (Imamura et al., 1998) . The HGF/SF-induced cell scattering was also markedly inhibited in sMDCK-Rab5DN cells ( Figure 6B ). In addition, the HGF/SF-induced coendocytosis of Ecadherin and c-Met was markedly inhibited in this cell line. Furthermore, the TPA-induced endocytosis of Insensitiveness to Rho, Rac and Rab5 activities of the coendocytosis of E-cadherin and c-Met in response to reduction of medium Ca
We next examined the eects of reduction of medium Ca 2+ on the coendocytosis of E-cadherin and c-Met in sMDCK-RhoDA, sMDCK-RacDA, and sMDCKRab5DN cells. The coendocytosis of E-cadherin and c-Met induced by reduction of medium Ca 2+ was not Figure  2C ).
Inhibition of the HGF/SF-induced endocytosis of E-cadherin and c-Met by a PI 3-kinase inhibitor
Wortmannin, a speci®c inhibitor for PI 3-kinase, has been shown to block the HGF/SF-induced scattering of MDCK cells (Royal and Park, 1995; Potempa and Ridley, 1998) . Thus, we ®nally examined the eect of wortmannin on the HGF/SF-or TPA-induced endocytosis of E-cadherin or c-Met in MDCK cells. Wortmannin inhibited the HGF/SF-induced endocytosis of E-cadherin or c-Met as well as scattering in MDCK cells ( Figure 8A ). However, wortmannin did not inhibit the TPA-induced endocytosis of E-cadherin or c-Met as well as the scattering of MDCK cells ( Figure 8B ). These data indicate that the HGF/SFinduced endocytosis of E-cadherin and c-Met may involve PI 3-kinase activity.
Discussion
We have previously shown that the accumulation levels of E-cadherin at the cell-cell adhesion sites are similar in sMDCK-RhoDA cells and wild-type cells, whereas that is higher in sMDCK-RacDA than in wild-type cells (Takaishi et al., 1997) . In this study, we have ®rst con®rmed the earlier observation (Crepaldi et al., 1994) that E-cadherin and c-Met are colocalized at cell-cell adhesion sites in MDCK cells, and then shown that the accumulation levels of both the proteins at cell-cell adhesion sites are aected by Rac, but not by Rho or Rab5. It remains unknown how Rac regulates the accumulation of E-cadherin and c-Met at the cell-cell adhesion sites in MDCK cells.
We have precisely analysed here the behavior of cadherin and c-Met in response to HGF/SF, TPA, and reduction of medium Ca 2+ . It has previously been shown that HGF/SF induces disappearance of Ecadherin at the cell-cell adhesion sites (Royal and Park, 1995; Potempa and Ridley, 1998) , but no direct result has been presented that HGF/SF induces endocytosis of c-Met. It has not been reported either that TPA induces endocytosis of cadherin and c-Met or that reduction of medium Ca 2+ induces endocytosis of c-Met. We have now shown here that c-Met as well as E-cadherin at the cell-cell adhesion sites disappears in response to HGF/SF, TPA, and reduction of medium Ca 2+ , and that both E-cadherin and c-Met ®nally accumulate at the perinuclear area. Our preliminary experiments showed that this perinuclear area may correspond to the late endosome, since this area partly overlapped with that stained with antibodies against Rab7, a marker for the late endosome (Simons and Zerial, 1993) . In addition, the time courses of the translocation of cadherin and c-Met are apparently similar. It is possible that both the proteins are transported on the same vesicle or two dierent vesicles, but the present results do not distinguish these two possibilities. Isolation of the vesicles carrying both the proteins or each protein is needed for clari®cation of this issue.
As to the relocalization of E-cadherin and c-Met at the cell-cell adhesion sites, we attempted to wash out HGF/SF or TPA to cause the recovery of cell-cell adhesion after cells were stimulated with HGF/SF or TPA, but cell-cell adhesion was not recovered after the extensive washing. In contrast, the accumulation of both E-cadherin and c-Met at cell-cell adhesion sites recovered when the medium Ca 2+ concentration was reduced and then increased to 2 mM, suggesting that both E-cadherin and c-Met are coexocytosed in response to the re-increase of the medium Ca 2+ . However, it is unknown whether both E-cadherin and c-Met re-localize at cell-cell adhesion sites through the recycling pathway or de novo synthesis of these molecules. The treatment with cycloheximide, an inhibitor of protein synthesis, blocked the new synthesis of E-cadherin and markedly reduced the relocalization of E-cadherin and c-Met in response to re- Figure 8 Eects of wortmannin on coendocytosis of E-cadherin and c-Met in response to HGF or TPA. The wild-type MDCK cells were cultured with 5 ng/ml HGF/SF for 18 h (A) or 100 nM TPA for 8 h (B) in the presence (b, d) or absence (a, c) of 500 nM wortmannin. The cells were doubly stained with the anti-E-cadherin mAb (a, b) and the anti-c-Met polyclonal Ab (c, d), and then analysed by confocal microscopy at the junctional levels. The results shown are representative of three independent experiments. Bars, 10 mm increase of medium Ca 2+ (data not shown). Thus, it is likely that de novo synthesis of E-cadherin is mainly involved, and its recycling is partly involved, in the relocalization of this molecule at the cell-cell adhesion sites in response to re-increase of medium Ca
2+
. We attempted to examine the change of the amount of cMet in the presence and absence of cycloheximide, but failed to obtain conclusion, due to unavailability of anti-c-Met antibodies which estimated the amount of the canine c-Met by immunoblotting. We, therefore, reserve the conclusion on this issue.
We have furthermore examined here possible involvement of the Rho and Rab small G protein families in the coendocytosis of E-cadherin and c-Met, and found that the HGF/SF-and TPA-induced coendocytosis of these proteins is inhibited by a dominant active RhoA, a dominant active Rac1, and a dominant negative Rab5, but that their coendocytosis in response to reduction of medium Ca 2+ is not inhibited. The precise mechanisms of how RhoA, Rac1, and Rab5 regulate the coendocytosis of cadherin and c-Met remain unknown, but it is likely that these small G proteins do not directly regulate it, because the coendocytosis of both the proteins in response to reduction of medium Ca 2+ is not inhibited. Moreover, we have previously shown that the TPA-induced cellcell disruption and subsequent cell migration are markedly reduced in sMDCK-RhoDA, sMDCKRacDA, or sMDCK-Rab5DN cells (Imamura et al., 1998) . In sMDCK-RhoDA and sMDCK-Rab5DN cells, dynamic reorganization of stress ®bers and focal adhesions is impaired, and in sMDCK-RacDA cells, cell-cell adhesion is strengthened. The disruption of cellcell junction may be necessary for the initiation of coendocytosis of E-cadherin and c-Met, although we could not neglect a possibility that the endocytosis of cadherin may partly regulate cell-cell disruption. Some Rab family members other than Rab5 may be involved in coendocytosis of cadherin and c-Met, and their identi®cation should be required next.
We have also demonstrated that a PI 3-kinase inhibitor, wortmannin, blocks the coendocytosis of Ecadherin and c-Met and cell scattering in response to HGF/SF. In mammalian cells, PI 3-kinase has also been implicated in mediating endocytotic pathway for membrane proteins (Joly et al., 1994) . PI 3-kinase activity is necessary for the proper delivery of the activated PDGF receptors to lysosomes (Joly et al., 1995; Shpetner et al., 1996) . In contrast, wortmannin did not block the TPA-induced endocytosis of Ecadherin and c-Met and cell scattering. Thus, the disruption of cell-cell junction may be necessary for the initiation of coendocytosis of E-cadherin and c-Met, but the PI 3-kinase-dependent endocytosis of cadherin may, at least, partly regulate cell-cell disruption.
We have previously shown that the TPA-induced reorganization of stress ®bers and focal adhesions is inhibited in sMDCK-RacDA cells (Imamura et al., 1998) . Because Rac regulates cell-cell adhesion but does not directly regulate the reorganization of stress ®bers and focal adhesions (Takaishi et al., 1997) , it is likely that disruption of cell-cell adhesion is involved in reorganization of cell-matrix AJ. Conversely, the TPAor HGF/SF-induced disruption of cell-cell adhesion is inhibited in sMDCK-RhoDA and sMDCK-Rab5DN cells (Imamura et al., 1998) . Because RhoA or Rab5 does not directly regulate cell-cell adhesion, it is likely that the reorganization of cell-matrix AJ and subsequent cell migration are involved in disruption of cell-cell adhesion. Molecular mechanisms for these cross-talks between cell-cell and cell matrix AJs are important issues to be addressed for our understanding of cell adhesion and migration in future.
It is unknown whether the continuous presence of cMet on the plasma membrane is necessary for cell migration, but HGF/SF signaling through c-Met is likely needed for continuous migration. If this is the case, all the c-Met molecule may not be internalized and a part of the receptor should remain on the plasma membrane. Balance between endocytosis and exocytosis of c-Met may be shifted to cause less accumulation of cMet on the plasma membrane when cell-cell adhesion is disrupted. Once cell-cell adhesion is formed, this balance may be shifted to accumulate more c-Met on the plasma membrane. It is unknown either whether the continuous presence of cadherin on the plasma membrane is necessary for cell migration, but if the continuous presence of both c-Met and cadherin on the plasma membrane is necessary for cell migration, these proteins could be transported by the same endocytotic and exocytotic vesicles. In contrast, if the continuous presence of cadherin is not necessary for cell migration, these two proteins could be transported by separate vesicles. Further studies are necessary for our understanding of formation and disruption of cell-cell adhesion and cell migration by vesicle tracking and cytoskeletal rearrangement which are regulated by the Rab and Rho families, respectively.
Materials and methods

Materials and chemicals
MDCK cells were supplied by Dr W Birchmeier (MaxDelbruck-Center for Molecular Medicine, Berlin, Germany). MDCK cells expressing a dominant active mutant of RhoA (sMDCK-RhoDA), a dominant active mutant of Racl (sMDCK-RacDA), and a dominant negative mutant of Rab5 (sMDCK-Rab5DN) were established as described (Takaishi et al., 1997; Imamura et al., 1998) . The expression level of exogenously expressed RhoA was estimated to be less than one-tenth of endogenous RhoA in sMDCK-RhoDA cells as described previously (Takaishi et al., 1997) , while that of Rac1 or Rab5 was unable to be precisely estimated since a good antibody to either Rac1 or Rab5 for immunoblotting has not been available (Takaishi et al., 1997; Imamura et al., 1998) . The cDNA of a dominant negative mutant of Rab5 with a mutation of amino acid 34 from Ser to Asn (N34Rab5) was provided by Dr M Zerial (European Molecular Biology Laboratory, Heidelberg, Germany). The pEF-BOS expression plasmids were donated from Dr S Nagata (Osaka University, Suita, Japan). Human recombinant HGF/SF was provided by Dr T Nakamura (Osaka University, Suita, Japan). The anti-E-cadherin rat monoclonal antibody (mAb) (ECCD-2) and mouse mAb (C20820) were obtained from TAKARA Shuzo, Inc. (Shiga, Japan) and Transduction Laboratories, Inc. (Lexington, KY, USA), respectively. Second Abs for immuno¯uorescence microscopy were obtained from Chemicon International, Inc. (Temecula, USA).
Cell culture and microinjection
MDCK cells were maintained at 378C in a humidi®ed atmosphere of 10% CO 2 and 90% air in DMEM containing Cadherin, c-Met, and small G proteins T Kamei et al 10% fetal calf serum (FCS) (Gibco Laboratories, Grand Island, USA), 100 U/ml of penicillin, and 100 mg/ml of streptomycin.
Wild-type MDCK, sMDCK-RhoDA, sMDCK-RacDA, or s-MDCK-Rab5DN cells were incubated with 5 ng/ml of HGF/SF, 100 nM TPA, or 2 mM Ca 2+ for the indicated periods of time, followed by immuno¯uorescence microscopy study as described (Sakisaka et al., 1999) . Wild-type MDCK cells for microinjection experiments were seeded at a density of 2610 4 cells per dish onto 35-mm grid dishes. At 48 h after seeding, the pEF-BOSmyc-N34Rab5 plasmid was microinjected into the cells at 0.05 mg/ml, and then returned to the incubator for 10 h before stimulation as described (Imamura et al., 1998) .
Immuno¯uorescence microscopy
For immuno¯uorescence staining, cells were ®xed in the mixture of 50% acetone and 50% methanol at 7208C for 1 min. The ®xed cells were then washed for three times with phosphate buered saline (PBS). After the cells were soaked in 10% FCS/PBS for 30 min, they were treated with the ®rst Ab in 10% FCS/PBS for 1 h. The cells were then washed with PBS three times, followed by incubation with the second Abs in 10% FCS/PBS for 1 h. For the double staining, the second antibodies which did not cross-react with each other were chosen. After the cells were washed with PBS three times, they were examined using a LSM 410 confocal laser scanning microscope (Carl Zeiss, Oberkochen, Germany) as described (Imamura et al., 1998) .
